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A B S T R A C T
All-inorganic quantum dot light emitting diodes (QLEDs) have gained great attention as a result of their high
stability under oxygen-rich, humid and high current working conditions. In this work, we have fabricated an all-
inorganic QLED device (FTO/NiO/QDs/AZO/Ag) with sandwich-structure, wherein the inorganic metal oxides
thin ﬁlms of NiO and AZO were employed as hole and electron transport layers, respectively. The porous NiO
layer with vertical lamellar nanosheets interconnected microstructure have been directly synthesized on the
substrate of conductive FTO glass and increased the wettability of CdSe@ZnS QDs, which result in an
enhancement of current transport performance of the QLED.
1. Introduction
Recently, a novel form of light emitting technology, quantum-dot
light emitting diodes (QLEDs) have attracted intensive attention due to
their promising characteristics, such as size-dependent emission
wavelength, narrow emission spectrum and high luminescent eﬃciency
[1–4]. As a result, the QLED can exhibit several advantages, such as
high colour purity, low power consumption and ultrathin or even
transparent structures [1,5]. Due to all these attractive properties,
QLED hold great potential for next-generation electronic displays and
optical communication technology [5–8].
Typically, the light emitting center of QLED is quantum dots (QDs,
such as cadmium selenide (CdSe)) layer, which is sandwiched between
electron transporting layer (ETL) and hole transporting layer (HTL)
[9,10]. An applied voltage drives electrons and holes move into the QDs
layer, where they are captured and recombined, then emitted photons.
Up to now, there are several diﬀerent kinds of QLEDs according to its
carrier transport layers (CTLs), including those materials are based on
organic, inorganic and hybrid geometries [11,12]. Four types of CTLs
of QLEDs have been developed, such as polymer, organic small
molecules, inorganic and inorganic/organic hybrid [6,13,14]. Among
them, QLEDs with inorganic CTLs lately have gained great attention
because of their high stability under oxygenic, humid environment and
simple packaging requirements [5,15,16]. It is well known that p-type
metal oxide is a fantastic candidate as HTLs in QLEDs according to
their wide bandgap, switchable work function and high mobility such
nickel oxide (NiO), molybdenum oxide (MoO3), vanadium oxide (V2O5)
and tungsten oxide (WO3) etc. [15,17–22].
Among those p-type metal oxides mentioned above, NiO with a
suitable band gap (Eg=3.6–4.0 eV) and easily controllable morphology
has received a lot of attention. In addition, the unique optical and
electrical properties, high chemical compatibility of NiO were well
matched with the valence band energy of the illumination materials
[2,17,23,24]. Bawendi and colleagues reported a method of sputtering
amorphous NiO nanoparticles with diameter of 20 nm onto ITO
conductive glass as charge transport layer for QLEDs and shown
enhanced current density and electroluminescence eﬃciency
[4,22,25]. However, the QDs layer exhibits weak contact with the
NiO nanoparticles layer because of the smooth surface, resulting in low
holes injection [17,26,27]. Otherwise, the high cost of the vacuum
thermal evaporation process also limits the broad application of this
method [28]. Therefore, developing a simple and cost-eﬀective proce-
dure to obtain a high rough surface NiO ﬁlms and further increase the
connection between the charge transport layer and illumination layer
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can be an eﬃcient way to improve the performance of NiO based
QLEDs [27,29–33].
In current work, hierarchical porous vertical nanosheets NiO thin
ﬁlms have grown on FTO-coated glass by a hydrothermal method. The
unique vertical structure of porous NiO layer shows several advantages,
such as improving the charge transport performances and rectifying
certiﬁcates characteristics. In addition, the vertical NiO nanosheets
yield a large number of active pores that could be available for QDs
attachment and facilitate the transmission of hole-electron and re-
combination in illumination layer. Moreover, sandwich structure of all-
inorganic QLEDs, which using diﬀerent hydrothermal reaction time
NiO layers as HTLs have been assembled and showed great rectifying
behavior.
2. Material and methods
2.1. Materials
Nickel acetate (C4H14NiO8, AR) and potassium peroxydisulfate
(K2S2O8, AR) were purchased from Sinopharm Chemical Reagent
Co., Ltd.. Oleic acid (C18H34O2, OA, AR) and oleylamine (C16H37N,
OL, 80%) were obtained from Sigma Aldrich. High purity nickel oxide
target (99.95%) was purchased from CHINO (Beijing) New Material
Technology Co., Ltd. All the chemicals were used as received without
further treatment.
2.2. Characterization and measurements
X-ray diﬀraction (XRD) spectroscopy was performed on a Rigaku
D/MAX 2550 V X-ray diﬀractometer with Cu Kα irradiation
(λ=1.5406 Å) with a step size of 0.02°. The operating voltage and
current were 40 kV and 20 mA, respectively. The absorption spectras
were obtained on UV–vis spectrometer (Lambda 950, PerkinElmer,
USA, λ=300–800 nm). Luminescence spectras were recorded with a
Hitachi F-4500 ﬂuorescence spectrophotometer. The morphologies of
porous vertical lamellar NiO ﬁlms were characterized by ﬁeld emission
scanning electron microscopy (FESEM) (JSM-6700F) and atomic force
microscope (AFM) (NanoScope IV). Film thickness and ﬁlm uniformity
performance were tested by Veeco company Wyko NT9100 type surface
contourgraph measurement. AZO as the ETL was prepared via the
magnetron sputtering deposition system (Shenyang scientiﬁc instru-
ments Co., Ltd., JGP-560). Photographs were taken with a charge-
coupled device (CCD) video camera (PowerShot G10, Canon).
2.3. Fabrication of all inorganic QLEDs
2.3.1. Synthesis of CdSe@ZnS QDs with a core-shell structure
The CdSe@ZnS composite nanoparticles were continuously synthe-
sized in a microﬂuidic reactor according to our previous work (the
detailed experiment and characterization methods of the fabricated
full-colour QDs are summarized in SI1, ESI†). The colloidal CdSe@ZnS
QDs with diﬀerent sizes were controllable obtained by adjusting the
reaction time in oil bath, and the range of its emission wavelength was
covered from 480 nm to 650 nm.
2.3.2. Synthesis of vertical lamellar NiO porous structured ﬁlms
Vertical lamellar NiO nanosheets can be grown directly on the FTO
glass using a facile and template-free hydrothermal technique [34].
This reaction process can be divided into seeding layer deposition and
hydrothermal growth two parts. Typically, C4H14NiO8 (0.5 g) was
dissolved in the mixture solution with ethanol (6 mL) and butanol
(6 mL) to form a green and transparent seed solution. Conductive FTO
glasses were cleaned by acetone, alcohol and deionized water in
sequence for 15 min. Then, the C4H14NiO8 solution was spin coated
on the cleaned FTO glass and moved into a 60 °C vacuum oven for 6 h
to form the uniform NiO seed layer. Then, C4H14NiO8 (1 g) and K2S2O8
(0.3 g) was added into deionized water (50 mL) to obtain a homo-
geneous solution, and NH3·H2O (3 mL) was added dropwisely to get
the dark blue growth solution. Next, the dired FTO glass coated with
NiO seed layer was placed into the NiO solution in teﬂon-sealed
Fig. 1. (a) Schematic diagram of microﬂuidic-assisted process to fabricate CdSe@ZnS QDs; UV–vis absorption spectra (b) and luminescence spectrums (c) of the as-prepared CdSe@
ZnS QDs; (d) Digital photographs of the CdSe@ZnS quantum dots in toluene solvent with diﬀerent reaction time (up: under the natural light, down: under 365 nm UV light).
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autoclave and heated at 180 °C for some hours. After the autoclaves
cooled down naturally, Ni(OH)2 layer was formed on the substrate at
the seed layer side and was washed with deionized water softly but
completely. Finally, annealing treatment of FTO/Ni(OH)2 for 2 h at
400 °C make Ni(OH)2 entirely transformed into NiO. Meanwhile, we
use the magnetron sputtering method to prepare NiO layer as a
comparative experiment.
2.3.3. Layer by layer assembly of all-inorganic light-emitting-diodes
In this experiment, the AZO and NiO layers were used as ETL and
HTL respectively. A thin HTL (about 50 nm) of vertical lamellar NiO
porous structured ﬁlms grew from an aqueous solution on the top of a
FTO-glass by hydrothermal reaction. Next, a thin layer (10–20 nm) of
the CdSe@ZnS QDs was spin-coated from a toluene solution on the
surface of the NiO layer. Then, AZO was sputtered onto QDs layer for
ETL by magnetron sputtering reaction under a high vacuum state
(6.9×10−4 Pa). The thickness of the AZO layer can be controlled
between 10 and 60 nm by change the sputtering time. Finally, a layer
of the back electrode aluminum (about 100 nm) were deposited by an
evaporation process under such a high vacuum (5×10−3 Pa). In this
way, all inorganic QLEDs with an area of about 2×2 cm2 were
prepared.
3. Results and discussion
At the beginning of this work, we focused on the fabrication of
CdSe@ZnS composite QDs, which serve as the luminescent layer of the
all-inorganic QLEDs [34]. Fig. 1a shows the schematic diagram of
fabrication process for the core-shell CdSe@ZnS QDs by a microreactor
method. The UV spectra and photoluminescence (PL) spectra of the
CdSe@ZnS QDs in toluene with diﬀerent reaction time are shown in
Fig. 1b and c, respectively. The optical digital photos under ultraviolet
light and natural light are shown in Fig. 1d. As exhibited in the
ultraviolet absorption spectra, the emission and absorption spectra of
ﬂuorescence quantum dots are not completely overlapped, which is
attributed to the Stokes shift of spectrum that caused by the quantum
dot eﬀect. All spectra emission peak position and narrow FWHM of the
light emitting layer material is essential to the light-emitting-diode
Fig. 2. (a) X-Ray diﬀraction (XRD) patterns of NiO ﬁlms with diﬀerent hydrothermal reaction time (a: FTO, b and e: t=4 h, c and f: t=6 h, d and g: t=8 h; b, c, d: before annealed; e, f, g:
after annealed; h: NiO on FTO/glasses obtained by the magnetron sputtering procedure); (b) UV–vis spectra of NiO with diﬀerent hydrothermal reaction and magnetron sputtering
time; (c–e) Magniﬁed optical proﬁle images of NiO ﬁlms with diﬀerent hydrothermal reaction time.
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device working. Fig. S1 shows the typical TEM images of the core-shell
structured CdSe QDs with diﬀerent sizes. The resultant QDs show
nearly spherical shape and fairly mono-dispersion. In addition, CdSe@
ZnS QDs have a narrow emission half peak width from range of 30–
64 nm. After the CdSe particles and ZnS precursor ﬂow through the
heating PTFE capillary micro-reactor, its absorption peak red-shifted
gradually with the increase of reaction time (Fig. S2).
Fig. 2a shows the XRD patterns of the samples with diﬀerent
hydrothermal reaction time before and after annealing. The FTO glass
(curve a in Fig. 2a) serve as the background. It was conﬁrmed that the
as-deposited ﬁlm on FTO substrate was hexagonal β-Ni(OH)2 (JCPDS
No. 14-0117) before annealing (curve b to d in Fig. 2a), and the
structure has not changed along the annealing time. After being
annealed at 400 °C for 2 h, hexagonal β-Ni(OH)2 entirely transformed
into cubic NiO phase with the XRD patterns corresponding to JCPDS
No. 04-0835 (curve e, f and g in Fig. 2a). The sharp peaks also indicate
Fig. 3. (a) Schematic illustration of spin-coated and hydrothermal process to prepare NiO HTL; Field Emission Scanning Electron Microscope (FESEM) and Atomic Force Microscope
(AFM) images of NiO ﬁlms with diﬀerent reaction time: (b) and (e) 4 h, (c) and (f) 6 h, (d) and (g) 8 h.
Fig. 4. Cross-section schematic diagram (a) and ﬂat band energy diagram (b) of the all inorganic QLED. The indicated band energies are in units of eV and all referenced to the vacuum
level.
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that the as-prepared products were well crystallized. The transmittance
of HTL is an important parameter for LED performance. Fig. 2b shows
the data of UV–vis spectras of the porous NiO layers with diﬀerent
hydrothermal time and diﬀerent magnetron sputtering time. The
transmittance of NiO layers were reduced along with the reaction time
prolonging, but always less than that prepared through magnetron
sputtering procedure. Fig. 2c–e show the optical proﬁler 3D images of
NiO ﬁlm by diﬀerent hydrothermal reaction times from 4 to 8 h. The
diﬀerent colour distribution of 3D images indicate that the surface of
NiO ﬁlm is smooth and uniform. Combined with UV–vis transmission
spectra in Fig. 3b, as time prolong the thickness of HTL increased
gradually with the extension of reaction time. It is well-known that
thinner NiO ﬁlm has better quality than thicker NiO layer and thus
possesses larger band gap. Therefore, porous vertical lamellar NiO
ﬁlms annealed at 400 °C for 4 h were adopted to assemble QLED at the
following experiments.
The hydrothermal method is a feasible and eﬀective way to prepare
NiO layer with controllable structure on conducting FTO glasses.
Fig. 3a shows the schematic illustration of spin-coated and hydro-
thermal process to prepare NiO HTL. Before the hydrothermal process,
seed layer was prepared using β-Ni(OH)2 seed solution via spin-coating
process ﬁrstly. The seed layer was growing on FTO uniformly after
heating at 60 °C in drying oven for 6 h. Then, hydrothermal treatment
(at 120 °C) and annealing process (at 400 °C) were carried out
successively to fabricate porous vertical lamellar NiO ﬁlms on FTO
glass. Fig. 3b–d show the surface FESEM images of hydrothermal
synthesis uniform NiO nanostructured thin ﬁlm under FTO glasses
with diﬀerent reaction times. Generally, the NiO thin ﬁlms possess the
lamellar vertically structures and interconnected into porous network
architectures, which comprised of uniform NiO sheets with a thickness
Fig. 5. Current versus voltage (I–V) plots of all-inorganic QLEDs with NiO as HTL with diﬀerent hydrothermal reaction time for (a) 4 h, (b) 6 h and (c) 8 h; (d) I–V plots of QLED with
NiO through magnetron sputtering for 30 min. Device 1–4 were measured under light and dark environments respectively; (e) Comparison I–V plots of QLEDs of those four devices
under light.
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of 50–200 nm and the size of 1–3 µm. The larger gap of the NiO layers
could facilitate the carrier transport. The vertical growth of structure
has also become a carrier transmission channel, which can eﬀectively
improve the carrier transport eﬃciency of HTL compare with smooth
or compact structure. As shown in Fig. 3b–d, the thickness and the
sizes of the NiO ﬂakes keep increasing and the distance between ﬂakes
become closer when hydrothermal reaction time extend. However, the
band gap of NiO nanostructures network becomes smaller as the
results of the increasing thickness. In addition, it can be observed that
the NiO thin ﬁlms with multi-level interconnected networks have
begun to emerge. This vertically arranged NiO ﬂakes inter-weave
network is an ideal substrate for QDs loading. However, when
hydrothermal reaction time increased up to 8 h, the larger thickness
ﬁlled some gap between the NiO ﬂakes, which results in the decrease of
the roughness and carrier transmission of the HTL .
Afterwards, we have been fabricated the all-inorganic QLED by
sandwiching the CdSe@ZnS QDs layer between p-type NiO HTL and
AZO ETL [35–37]. Cross-section schematic diagram and the ﬂat band
energy diagram of the all inorganic QLED with the FTO/NiO/QDs/
AZO/Ag sandwhich structure were displayed in Fig.4a and Fig.4 b
respectively. The thickness of NiO layer can be well controlled by
changing the hydrothermal reaction and sputtering time. Finally, a
layer of the back electrode aluminum (100 nm) was deposited by an
evaporation under a high vacuum (5×10−3 Pa) with an area of 2×2 cm2.
Low valence band oﬀset with FTO anode requires low energy barrier
height against the hole injection. Therefore, p-type NiO reduction from
FTO anode is favorable to decrease the turn on voltage of the device. To
explore the eﬀects of the thickness and morphology of NiO on the
performance of all inorganic QLEDs, we have fabricated three kinds
QLEDs with the structure of FTO/NiO/QDs/AZO/Ag, in which the NiO
HTL with diﬀerent thickness was obtained by diﬀerent hydrothermal
reaction time from 4 to 8 h. The corresponding samples were labeled as
device 1, 2 and 3 respectively. As a comparison, the magnetron
sputtering method was employed to fabricate the thinner and compact
NiO thin ﬁlm, and used to assemble the sample which was marked as
device 4.
As presented in Fig. 5a–d, I–V plots of these four devices were
measured among most appropriate voltage range under dark and light
condition, respectively. It can be seen that all devices demonstrate a
rectiﬁcation behavior. Devices 1, 2 and 3 using NiO layers as HTL with
diﬀerent hydrothermal reaction time from 4 to 8 h respectively exhibit
similar current-voltage characteristics. The turn-on voltage increases
from 2.83 to 4.18 V (at 20 mA cm−2) along the annealing time. NiO
layer in device 1 with the super-thin nanosheets and clear pores micro-
structure shows very lower threshold voltage, indicating that low
barrier height is beneﬁcial for hole injection at the FTO–NiO interface.
Additionally, these NiO ﬁlms with porous vertical nanosheets structure
will provide abundant space for the quantum dots inﬁltration and be
beneﬁt for electron hole recombination. As a comparison, HTL in
Device 4 obtained through magnetron sputtering method has a uni-
form density on the conductive FTO substrate. Although ultra-thin
thickness and smooth surface could provided high transmittance and a
wide range of band gap [38] , due to the extremely dense micro-
structure such morphology is not good for rectifying device, as shown
in Fig. 5d. Comparing the current density of device 1–3 with 4 showed
in Fig. 5e, it has clearly indicated that the sample which assembled with
magnetron sputtering show higher current density at low voltage range
(0–5 V), and further proved that sputtered NiO ﬁlms are not suitable
for devices as HTL.
4. Conclusions
A series of unique porous vertical nanosheets NiO layers exhibiting
high air-stability and high eﬃciency as well as great rectifying char-
acteristics as HTLs in all-inorganic QLEDs have been developed using a
simple and low-cost solution based process. The thickness of the ﬁlms
are well-controlled and can be tuned from 50 to 200 nm with vertical
nanosheets microstructure. The rectiﬁcation and photo-electronic
performances of the all inorganic LED made with these NiO ﬁlms are
higher than those obtained with the traditional organic and hybrid
quantum dots light emitting devices. It is believed that this new method
of fabrication of porous vertical nanosheets NiO as HTL in all inorganic
QLEDs will be useful to investigate new optoelectronics devices.
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